Abstract-Over the last decade, forced regulations and a growing social awareness with respect to energy efficiency have resulted in a renewed interest in the research for high efficient electrical machines. When an electrical motor is coupled to a machine, in many cases a gearbox or belt transmission is used.
I. INTRODUCTION
Rising energy prices and awareness regarding environmental issues resulted in a growing research effort in energy efficiency of electrical drivetrains [1] . Both regulations and research concerning the energy efficiency of electrical motors are numerous [2] - [4] . In the large majority of the electrical drive trains, some sort of transmission is used to couple the electrical motor to the application. Therefore, the efficiency of the most used transmissions, being belts and gearboxes, should be known to assess the energy efficiency of a system. However, there are no standards so far concerning the energy efficiency and measurement procedures for these transmissions. Literature concerning the energy efficiency of gearboxes is limited to models describing the energy behavior of certain components of a gearbox such as gear pairs [5] , [6] or the behavior of lubrication [7] . However, as emphasized by recent standards [8] , [9] a total system approach is needed to maximize the overall efficieny. This means information on the efficiency of mechanical transmission components, such as gearboxes and belt drives, will be required to determine which drive train components could be improved in order to optimize the overall system efficiency.
Due to the lack of reliable information on energy efficiency of gearboxes, the need for a test bench and measurement procedure emerged. This paper discusses the test bench build for testing gearboxes up to 15kW in their entire working area and introduced in [10] . In section II the technical set-up is discussed. The accuracy of the measurements and the measurement set-up is examined in section III. To obtain reproducible and reliable results, a measurement procedure is proposed in IV. [10] thoroughly discribes the test bench but only a limited number of measurement results are mentioned.
However in this paper, section V discribes the results of a measurement campaign, using the given test bench and design procedure, to compare the the energy efficiency mentioned in the catalogues with the measured values. Moreover, the variation of the energy efficiency in the entire operating range of a gearbox is discussed in section VI. 
II. TEST BENCH CONSTRUCTION
One way to measure the efficiency of a gearbox is to drive it with an electrical motor on one side and load the gearbox with a motor on the other side ( Fig. 1 ). For this so called back to back electrical method, the drive motor sets the speed while the load motor sets the torque and works as a generator. In this case two torque and speed measurements are necessary to determine the efficiency.
Usually a gearbox reduces the speed and enlarges the input torque. This means the load motor has to be able to deliver a large torque, which results in a motor with higher power range.
To solve this problem a second gearbox can be implemented to reduce the torque. As a result the load and drive motor can be equally sized as shown in Fig. 2 .
This input-output measurement method, used in this paper, is also proposed in de draft version of [9] where compliance of a Power Drive System can be tested in a similar manner. The method allows a large range in types and power for gearboxes to be tested. Also it will be possible to measure the efficiency at different speed and load setpoints in a flexible way. The accuracy of the efficiency determination depends on the speed and mainly on the torque measurement. Selection of these sensors will be important.
A lot of industrial gearboxes are used for conveyors and other applications in the lower power range. Therefore a 15kW, 4-pole induction motor was selected at drive and load side.
4-pole because the gearbox specifications, such as nominal loading, are commonly given in catalogs at 1400rpm [11] .
However, usually these gearboxes can be used at speeds up to 2800rpm. With the 4 pole drive motor this can easily be reached when a frequency converter is used. To ensure that the chassis doesn't become too complex and heavy and therefore expensive, a maximum permissible torque of 1000Nm is chosen. To be able to load the gearbox at 1000Nm a torque reducer with a ratio of 10:1 is selected. Taking these parameters into account the range of gearboxes that can be tested is defined and presented in table I.
The nominal torque of a 15kW, 4-pole induction motor is about 100Nm. Given the maximum torque for the test bench of 1000Nm the ratio of a 15kW gearbox cannot be lower than 10. When the input speed doubles, the limiting factor is no longer the torque but the speed of the load motor. Finally, As a 0.12kW motor is approximately the lowest power range for 3-phase IM [12] this case is also depicted in table I.
The measurement principle is depicted in Fig. 3 .The loading of the gearbox is realized by means of the reducer gearbox via an IM with regenerative VSD in field oriented torque control mode and speed feedback. The drive side VSD, also with speed feedback, drives the gearbox at desired speed. By connecting both VSD's via the DC-bus, the energy flows from generator to drive side and only the losses of the system have to be supplied from the grid. Industrial gearboxes come in many sizes and types. In contradiction to electrical motors there is no standardization in terms of shaft height, shaft diameter, mounting, . . . [13] .
Consequently the design of the test bench has to be very 
Back to back electrical
Another way to measure the efficiency of a gearbox is to drive it with an electrical motor on one side and load the gearbox with a motor on the other side (figure 4). The drive motor sets the speed, the load motor sets the torque and works as a generator. The generated energy can be used for the drive motor or can be send back into the grid. In this case two torque and speed measurements are necessary to determine the efficiency.
Drive motor
Load motor Usually a gearbox reduces the speed and enlarges the input torque. This means the load motor has to be able to deliver a large torque, which generally means a motor with higher power range. To solve this problem a second gearbox can be implemented to reduce the torque so the load and drive motor can be equally sized. This is shown in figure 5 .
Drive motor Load motor
Torque sensor Torque sensor This test method is used for the test bench discussed in the paper. The method allows a large range in types and power for gearboxes to be tested. Also it will be possible to measure the efficiency at different speed and load points in a flexible way. The accuracy of the efficiency determination depends on the speed and mainly on the torque measurement, so selection of these sensors will be important.
Actual test bench sizing
A lot of industrial gearboxes are used for conveyors and other applications in the lower power range. Therefore a 15kW, 4 pole induction motor was selected at drive and load side. 4-pole because in gearbox catalogs a speed of 1400rpm is very common. Usually double speed is also allowed for gearboxes and with the 4 pole drive motor this can easily be reached with the help of a frequency converter. To ensure that the chassis doesn't become too complex and heavy and therefore expensive, a maximum permissible torque of 1000Nm is chosen. To be able to load the gearbox at 1000Nm a torque reducer with a ratio of 10:1 is selected. Taking into account these parameters the range of gearboxes that can be tested is defined and presented in table 1.
Fig. 1. Back-to-back electrical test setup
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Usually a gearbox reduces the speed and enlarges the input torque. This means the load motor has to be able to deliver a large torque, which generally means a motor with higher power range. To solve this problem a second gearbox can be implemented to reduce the torque so the load and drive motor can be equally sized. This is shown in figure 5 .
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Figure 5: Back-to-back electrical with reducer
This test method is used for the test bench discussed in the paper. The method allows a large range in types and power for gearboxes to be tested. Also it will be possible to measure the efficiency at different speed and load points in a flexible way. The accuracy of the efficiency determination depends on the speed and mainly on the torque measurement, so selection of these sensors will be important.
Actual test bench sizing
A lot of industrial gearboxes are used for conveyors and other applications in the lower power range. Therefore a 15kW, 4 pole induction motor was selected at drive and load side. 4-pole because in gearbox catalogs a speed of 1400rpm is very common. Usually double speed is also allowed for gearboxes and with the 4 pole drive motor this can easily be reached with the help of a frequency converter. To ensure that the chassis doesn't become too complex and heavy and therefore expensive, a maximum permissible torque of 1000Nm is chosen. To be able to load the gearbox at 1000Nm a torque reducer with a ratio of 10:1 is selected. Taking into account these parameters the range of gearboxes that can be tested is defined and presented in table 1. Input Power
Input Torque
Input Speed
Max. ratio
Output Speed The nominal torque of a 15kW, 4 pole induction motor is about 100Nm. Given the maximum torque for the test bench of 1000Nm the ratio of a 15 kW gearbox cannot be higher than 10. When the input speed doubles the limiting factor is no longer the torque but the speed of the load motor.
Measurement principle
The aim is to conduct steady state measurements, i.e. constant speed and constant load torque. The loading of the gearbox is realized by means of the reducer gearbox via an induction machine with regenerative VSD in field oriented torque control mode and speed feedback. The drive side VSD, also with speed feedback, drives the gearbox at desired speed. By connecting both VSD's via DC-bus the energy flows from generator to drive side and only the losses of the system have to be added from the grid.
The direct method is used to determine the overall efficiency. It requires accurate measurement of the mechanical in-and output power. The torque is measured by means of dedicated 'dual range' torque sensors with an accuracy of 0.1% full scale. At input side the torque range is 10Nm/100Nm and at output 100Nm/1000Nm. The speed is measured using an incremental encoder of 1024 pulses/rev. at input side and at output side a 360 pulses/rev. encoder embedded in the torque sensor. The ambient and gearbox temperature are measured and logged with calibrated thermocouples type K. Also the temperatures of the torque sensors are logged. The impact of temperature is explained further on in this paper. The control of the test bench is done with an embedded dSPACE 1103 acquisition board in combination with Matlab Simulink and dSPACE ControlDesk. With this system the desired torque and speed set points are regulated and all the measurement data is synchronized captured and logged.
Mechanical design
Industrial gearboxes come in many sizes and types. In contradiction to electrical motors there is no standardization in terms of shaft height, shaft diameter, foot connection, etc… . Consequently the design of the test bench has to be very flexible in order to test all types of gearboxes. As can be seen in figure 7 the height of the drive motor, load motor and test gearbox can be adjusted independently. The base plate of the gearbox under test is adjustable so all the different dimensions for fixation can be handled. In figure 7 the setup is made for an angled gearbox but the drive motor can rotate 90° so a straight gearbox can be tested too. 
Measurement accuracy Test bench accuracy
The efficiency is determined by direct measurement of the mechanical in-and output power and can be calculated as follows: Because of the mechanical design of the gears the speed ratio can be considered as constant [2] . If the ratio is brought into the calculation, formula (1) evolves to: Fig. 4 . Mechanical design gearbox test bench flexible in order to test all types of gearboxes. As can be seen in Fig. 4 the height of the drive motor, load motor and test gearbox can be adjusted independently. The base plate of the gearbox under test is adjustable to allow different dimensions for fixation. In Fig. 4 the setup is made for an angled gearbox but the drive motor can rotate 90 to test straight gearboxes.
III. MEASUREMENT ACCURACY
The gearbox efficiency ⌘ gearbox is determined by direct measurement of the mechanical input-and output power and can be calculated as follows: Because of the mechanical design of the gears, the speed ratio i can be considered as constant [14] . In this research the speed ratio i mentioned in the catalogues are checked and confirmed by measurements. When the ratio is brought into the calculation, formula (1) evolves to:
As a result the fault on the speed measurement doesn't affect the efficiency value if the exact ratio is known. The relative fault (RF ) on the efficiency can be calculated by summing up the relative faults on the torque measurements:
The fault on the torque consists of three different parts. The be taken, the fault will be much larger. This is shown in table III were an example is given for two different load points. Resolution converter input signal:
Output torque sensor: Range 1000Nm; 0.1% f.s.
100 = ±1Nm
A/D converter input signal: Range 10V; 0.1% f.s.
Resolution converter output signal:
Fault on efficiency: The efficiency based on the torque measurements:
The absolute error is then:
AF (⌘) = |⌘|.RF (⌘) = 0.00420 The gearbox is loaded with a constant nominal torque and runs at nominal speed. The te significant efficiency difference when the ambient temperature varies. A temperature ris results in an efficiency rise of ±2%. The causes of the temperature dependency can be foun the temperature sensitivity of the torque sensor. To counteract these effects a thermal m made up for the torque sensor. By measuring the temperature of the sensors at every point, the model can be used to compensate this error. Other causes are the gearbox parameters such as oil temperature, mounting position, oil level and mechanical properti temperature influences the viscosity of the oil which influences o.a. the friction losses an efficiency of the gearbox [3] . To make sure the test bench gives reproducible measure important to stabilize the ambient temperature. Therefore the complete test setup was p temperature controlled room.
Measurement procedure (Flowchart) gearbox efficiency tests
In order to guarantee reproducibility and obtain accurate measurements, a measurement p been setup. The gearbox under test first is fixed on the test bench and the gearbox inshaft are precisely aligned with respectively the shaft of the drive and load motor. The oil l be checked with the prescribed level in accordance with is installation position.
Running-in test
Before starting the actual efficiency measurements, the gearbox is subjected to a running the first operating hours a gearbox doesn't work at its nominal efficiency. First the gears will in this way 'polish themselves'. In the most gearbox catalogs this running-in is also sta running-in period of 24 to 48 hours is mentioned before nominal values are reached. To s running-in test the gearbox is driven and loaded at rated values for a minimum of 48 hours period the measurement values, especially efficiency and gearbox temperature, are che they stabilize.
Start-up test
This second test is carried out to confirm the gearbox has run in and reproducible measure be obtained. After cooling down from the running-in test until ambient temperature it is again at nominal load and speed. If the same gearbox temperature and efficiency are bein the next step in the procedure can be taken. Otherwise, the start-up test is performed ambient temperature until reproducible results are obtained. Usually this start-up test takes 2 hours depending on the size of the gearbox. The stabilized gearbox temperature will b reference temperature for the next experiments. In order to guarantee reproducibility and obtain accurate measurements, a measurement protocol is proposed. First the gearbox under test first is fixed on the test bench and the gearbox input and output shaft are precisely aligned with respectively using a dedicated laser alignment [17] . The oil level has to be checked with the prescribed level in accordance with its the mounting position.
Before starting the actual efficiency measurements, the gearbox is subjected to a running-in test. In the first operating The second test is carried out to confirm the gearbox has efficiency of such a transmission in its entire operating range.
The paper describes this method and a measurement accuracy is discussed. Based on the comparison of the measured energy efficiency with the values mentioned in catalogues one can conclude a standard procedure is necessary to compare the values provided by the suppliers of gearboxes. Moreover, iso efficiency maps reveal the energy efficiency rises when a gearbox is loaded with higher torques.
